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ABSTRACT

Jet VIOL aircraft can experience scme severe interference effects
irhen transitioning from hover to wingborne fligh'i;. A wind-tunnel
investigation was conducted to obtain force meagurements and extensive
pressure measurements on a vectored-thrust ving-body combination to
understand the causes of the interference problems-and tb provide basic
dete for comparisons with existing analytical methods. The jet's
interference effects are strongest at the lowest effective velocity
retios and st locations nearest the Jet. The ‘effects -are strongly.
dependent on effective velocity fa.tio and weakly dependent on angle of
attack, ’The vectored~-thrust jets with the exits near the wing trailing
edge showed the most beneficial (least detrimental) interference
effects of the confiéura.ti ons tested. The analytical method

generally predicted the correct trends although the levels were not

e.lmys correct.
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CHAPTER I
INTRODUCTION

The analysis of the aerodynamic characteristics of jet-powered
vertical takeoff and landiné (VIOL) aircraft is a more complex problem
than that of conventional takeoff and landing aireraft. Two of the
reasons for the 'a.dd.itiona.l complexity ‘are the need to account for the
induced effects of the jet exhaust and the neéd for nonlinesr é.erod_ynamic
theory in the transition-speed range. The transition-speed range covers
the forward speeds between hover and the minimum requir‘ed for wingborne
flight. During transition, the jet-exhaust flow is directed at largg
angles relative to the free stream. The jet exhaust interferes with the
flov field around the aireraft inducing a change in the forces on the
aireraft.  The a.ircr_af.'t mey also fly at large angles relative to the free

. gtream Asoftha.t linear serodynamic theory can no longer be applied.

A gz'ea;b deal of force data has been obtained on jet VIOL
configurations. The effect of the jet-exhaust location on a simple wing-
body configuration was investigated in Reference [1]. The results showed
that the jet induces & l:.ft loss at some jet locations. The most

 favoreble induced effects were obtained when the jet exhaust vas below

' ‘and behind the wing.

" Complete configurations have also been tested by other investigators.
Phese include the Kestrel which is a predecessor of the Harrier, the

world's only production jet VIOL aircraft . The Kestrel uses vectored
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thrust to obtain its VIOL capability. The results of wind-tunnel tests
of the Kestrel, presented in Reference [2], showed the 1ift loss and a
pitch-up problem in transition which poses a trim problem for the pilot.
Another complete configuration thé.—‘b has been tested uses a '_'lif‘bf-plnsj;»
iifg-crﬁise" engine arrangement to. obtain a VTOL ‘capa.bility. - This
concept uses a lift jet in hover and uses the vectored-thrust engines
for 1ift in hover and transition snd for overcoming the drag in cruise.
This investigation, presented in R’eferehce [3], also shows the 1lift loss.
and the pitch-up problem. None of these investigations dealt deeply with
the forces on each cAomponentf of the aircraft such as the fuselage,
nacelles, and wing. Also, only & limited amount of pressure data were
obtained on the wing of the simple wing body of Reference [1]. mo
pressure data were obtained in the investigations of Referénces [2]

ana [3].

In the present investigation, a wind-tumnel model was built and
tested to obtain force measurements and -extensive‘ pressure measurements
on the fuselage, nacelles, and wing. These data are needed to understand
the causes of the interference problem as well as provide basic data for

comparison with existing analytical methods.



CHAPTER II
BACKGROUND

The experimental characteristics of the jet must ‘-'bei determined -
‘oefore the interference effects can be understood and eventually analyzed.
The problem has been simplified by several ihvestigators to a jet
exhausting from a flat pléte into a crossf.ow. OSeveral investigations of
the jet in & crossflow have been conducted to determine the jet's pé:bh,
‘momentum, and mass flow as well as the pressures induced on the flat
plate .by the jet. ©Some of these investigations are reported in
References [4] and ‘[5]. The more complex problem of multiple jets is h
reported in Reference [6]. The research showed four important cha.ra.c—
teristics of the jet. They are: (1) two counter-rotating vortices;

(2) the separated wake behind the jet, (3) the entraiment of flow inmto
the jet; and (L) the solid blockage of the Jet.

Early attempts (see Ref. [’{]') to analyze the cheracteristics of the
jet used an empiriéal curve fit for the jet path. However, the induced
effects 6cmld not be readily handled with this approach. The empirical
‘approach has been replaced with a smni;empiricaii gpproach which uses
potential flow to model the jet. A'EASA symposium entitled "The Analysis
of & Jet in a Subsonic Cros,sﬂ.w. (Ref. [8])" presents an overview of both
the experimental and theoretical work on the problem. Two approaches of
modeling the jet and its interference effects are the sink-doublet

approech and the vortex-latiice a,pproaéh».



The sink-douhlet approsch for modeling the jet in the cross wind was
developed by Wooler (Ref. [9]). Expressions for th‘é jet entraiment were.
derived and a simplifying assumption of the jet shape was made. The
equations for ‘bhé Jet momentum and continuity and force the fqrce normal -
to the jet were solved for the loca.ti'on of the jet centerline. The jet
was then replaced by doublets and sinks along the jet path representing
the blockage and the entraimment. The induced ve_locitiés are calculated
from the stréng‘i:hs and locations of the sinks and doublets. The method,
which is limited to handling circular jets, has been expanded to treat
various jet configura‘cions‘. .It is capable of handling jets with stré.ti-
‘fied velocity profiles. Three types of velocity Sﬁatifigatioq can be
treasted - vaned jet nozzle, lift fan, and high~bypass ratio turbofan.

The wake effects or‘ separation behind the jet cannot be é.nalyzed with
this potentiél~flow mcdel§ however, it is believed t’hgt a sourc—é distri-
bution may help. imprbire the results. . This method, which is often referred
to as Wooler's method, has been used as the basis of several other VIQL'
prediction methods such as the one presented in Refefe’nce .[10]; ,

"Severa.l_ vortex-lattice approaches have been developed. Oné approach .
(developed by Monical (Ref. [11])) can analyze fan-in-wing VIOL aircraft.
In this method, fhe wing is rep;i'e's'ented by- a.fne'bwo‘rk of hors‘éshoe '
vortices. The fan exhaust is represented by horseshoe vortex network
distributed around the circumference of the jet exhsust with the unbound
legs extending downstream. The strengths of the vortices are determined
by requifing no. £low pass ‘through the surface é‘t' specified cont:ol ’pbints, |

‘thereby neglecting enfbrainment.- The ‘forces end moments are obtained from



the strengths and locations of the vortices. Because Wooler's method
was the most advanced procedure; it vas chosen to help analyze the

results from the present investigation.



CHAPTER ITI
BRIEF DESCRIPTION OF WOOLER'S METHOD

Wooler's method is designed to analyze the j et-induced interference
effects on & win'g. or 8 body or the unpowered ‘aerodyna;mic ‘characteristics
of wing or body in the nonlinear angle-of-attack range. The analysis of
each of these four ceses is implemented using FORTRAN computer programs. _
To analyze the Jet-induced effe,c-bs on & wing, the jet flow-~field program
is used to determine the downwash field induced on the wing by the jet
exhaust . This dowvnwash distribution is trested as a mod.z.f:zed tanééncy
condition which is then input to the lifting-surface program. The
effects due to the induced flov- field from the jet are 'bhen computed.

To snalyze thev.je‘t—in&uced effects on & body, cross-sections of the body
are mé.pped into a circle using a mapping prbgram. ‘The jet flow-field. -
program is again used to compute the induced flow on the cirecular cross-..
section obtained from the mapping program. The induced flow field is -
used in the transformation progrem which computes the induced a.erodynamlcs
and maps the results back into the original coordinete system. A non- |
linear body serodynamics program is used to analyze the unpowered aerody-
namices of the body outside of the “linear angle-of-attack raz;se..
Siﬁila.r.ly, & nonlinear wing-aeroﬁynamics prdgram is used to analyze the
wing. Because only ’bhe-"induced effects on the wing will be .adaly_zed,
only the jet flow-field program and the lifting-surface program will be

discussed. A brief description of these two programs follows; & more

6
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detailed description can be found in the Appendix. The complete
deriva.tion of the lifting-surface program can be found in Reference [12]

and the other programs in Reference [13]..

Jet Flow-Field Program

The fgndamental problem in developing an analysis method was to

~ formulate Va mathematical model of the jet exhausting into a crossflow.
When the jet exhausts into the crossflow, the highe‘r pressures on the
upstream side of the jet and the flow into the jet deflect the jet. An
expression for the entraimment of flow into the jet was developed using
dimensional analysis by accounting for the flow perpendicular to the Jjet
and flow parallel to the jet.

The force on the jet boundary was modeled by a crossflow-drag
coefficient. The expression -fdr entrainment is used in the continuity
and _momentum- equations for the Jet. The fozfce on the jet is uséd. in the
equation for the jet's curvature. Experimental data.. were used to
determine the empirical constants in the entrainment model. To simplify -
the representation of the jet, the jet shape was assumed "bo ‘be an ellipse.
These three -equations for the Jjet 's cufvature, mass flow, and momentum
were solved for the dériva.tives pf the jet position, velocity, and
diameter. Because the equations could not be so‘lved' in closed form, they
were numerically integrated. To evaluate the flow field induced by the |
Jet, the jet is replaced by a sink distribution to account for the

entrainment and a doublet distribution to account for the blockage.



The velocity induced by the sinks and doublets were swmed at specified
control points.

This induced fIQW*field; evaluated at control points on the wing,
is used in the'lifting-surface brogrém to evéluate-the effects of;thé

modified flow field on thevwing.
Lifting-Surface Program

The lifting-surface program is an implementation of the theory
developed in Reference»[lh]. The lifting-surface program is based on
the solution of the integral equation relating the downwash at a point
on the wing to the product of a pressure ioading function and a kernel
function., The pressure loading'functioﬁ-Was assumed to be a finite
series with the constant undetermined coefficients. The resulting matrix
equation'relatgd a downwash matrix to the product of §~downnésh control
point matrix and the unknown constant matrix of the pressure loading
series, The equation is solved for the pressure series vhich is
integrated‘for-theflift5 induced drag, and pitchingemomentacoefficients
on the wing. The method can handle a wing with flaps, tut it csanot

handle & wing in sideslip or a fuselage.



CHAPTER IV
DESCRIPTION OF THE WIND-TUNNEL MODEL

The model used in this investigation was a vectored-thrust V/STOL
configuration designed specifically to. obtain extensive pressure data to
identify the interference on the various aircraft components. The wing,

. fuselage, and vectored-thrust engine nacelles were eqnippedeith pressure
orifices. A sketch of the model is shown in Figure 1.

The model was equipped with removable flaps, wings, empennage,
vectored-thrust engine nacelles, and a 1ift jet to determine the contri-
bution of each component to the total aerodynamiecs. The vectored-thrust
engine simulators, which were mounted in fusélage-supported nacelles, were
of the ejectqrﬁtype which induced inlet flow. The vectored-thrust jet
exits could be mounted 13.1 cm (5.17 in.) below the wing plene at the
0.115 or 1.113. The exit diameter was 9.2 cm (3.67 in.). The vectored-

‘thrust jet exits could be deflectéd‘downwash at angles of 0°, hso, and
90° from the horizpntal.pléne.

The model was also equipped with g.lift~jet simulator located
16.8 cu (6.63 in.) below the wing plane at the'—d.llE. The simulator was
a simple convergent nozzle vithout.an external air iniake.” The lift jet
was limited to exhsusting at 90° from the horizontal plane. The lift-jet
exit was 5.7 em (2.25 in.) in diameter. A total pressure probe and a

static pressure orifice vere installed in the lift-jet exit.
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The difference between the two pressures was a reference exit dynamic
pressure that wes used for the thrust calibrations of the lift jet.

A 145° partial-span flap could be installed on the wing to determine
the effect of flaps. The flap chord was 20 percent of the local wing
chord.v Chordwise rows of pressure orifiées-were located on the left
ving at the 25-, 39~, 52-, and 80-percent semispan locations. The
inboard row coincided with the centerline of the véctored-thrust Jet
exit. The vectored~thrust nacelles covered up some of the orifices so
complete measurements of thg pressures there were not always available.
Also, pressure orifices were located on the bottomfbf‘the fuselage in
three longitudinal rows and on top and bottom of the vectored-thrust
nacelles. Three basic thrust configurations were investigated: the
lift-Jet configuration; the front vectored-thrust configuratipn;,and
the rear vectored-thrust configuration. Photographs of these three

configurations are presented in Figure 2.



CHAPTER V
TESTS AND PROCEDURES

Before the model ’wa.é.i tested a.‘t forward speeds, the thrust of each
engine simulator was calibrated statically. Details of the calibration .
procedure can be found in Reference [15].

Experiment has shown that a jet exhausting into qui‘escent
surroundings will induce flow towards the jet.: Tl'_xis induced flow induces
a pressure change on neérby surfaces. To minimize. the induced effects
vhen calibrating each engine simulator, the engine simulator was mounted
on the bare backbone of the model. The forces and moments from the
engine simulator were measured with a six-component strain-gage balance
(see Fig. 3.). ‘The load range and the accuracy of the bala.ncé is shown
in Tablé I. High-pressure air was fed to a plenum chamber mounted on
the. halanee;. The plenum chamber supplied air to the vectored~thrust
engine simulators and the lift=jet simulator. AL statiec conditions, the
resnlﬁaqt force or thrust of the jet was ca.libratedv &8s a function of a’
reference pressure. For the vectored~thrust emgines, the .engine plem
pressure was used as the. reference pressure; for the lift jet, the lift-
Jet exit dymmlc pressure was used-.as the reference pressure. 'l'he static
calibration wes used to obtain the experimental nozzle-deflection angle
§ 3 (or the angle of the thrust vector), and the location of the thrust

vector. From the reference pressure and the static calibration, the
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forces and moments due to the static thrust can be computed at forward
speeds and can, therefore, be removed from the powere,d’ data.

Tﬁe. model was then tested in the Langley Research Center's V/STOL
tunnel. Data were obtained wrth the power on at several heights. above
the tunnel floor. The minimum height for the model to be out of ground
effect was defined as the minimum height vhere were no changes in the
data with increasing distance from the ground. (S.ger Rer. [16].) aA11
subsequent testing was done with the model at a height which was greater
than or egual to this minimum height.

Data were obtained both power on and power off through angle-of-
attack ranges and power on through effective velocity raﬁiorangés.-.

The effective velocity i‘at.io was determined using a.n effective jet-exit
area. The effective area A 5 vas the sum of the exit areas of the
thrust devices:in use - the right and left vectored-thrust jets and/or

the 1ift jet. The effective velocity ratio was determined from the

9 [ %

From the definition of the thrust coefficient, the relationship betwveen

following expression:

(1)

thrust coefficient and effective velocity ratio can be determined

. 2A
. R (2)
T 8- v2

e
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The variation of'thrust coefficient with velocity ratio is presented in
Figure 4 for the vectored-thrust jets and the 1ift jet. To determine the
interférenée effects of power, the unpowered sercdynamics and the direct- i
thrust contributions were removed from the power-on data. These direct
thrust conﬁribﬁtionsfwere obtained from the engine static calibr&tion8a
The thrust-removed data (distinguished with the subscript T) were
obtained by subtracting the direct-thrust effects from the basic data.
For example,

cLT = Cp e Cp sin (o + 4,) (3)
The interference inﬁ?ements vere represented by a A. It should be
noted that positive value of interference would imply beneficial

interference. The interference was obtained by removing the unpowered

component from the thrust-removed data. For example,

- Cp, (4)

a a,power off

Three basic thrusi configurations were tested: <the lift jet, the
front vectored-thrust jets deflected~90°, and the rear vectored~thrust
jets deflected 90°. Data were measured on the fuselage alcﬁe, on the
fuselage with the nacelles, and on %he'fuselage and nacelles with the
ﬁing and fiaps. Only the results from these three thrust cgnfiguraticns

‘will be discussed herein: The results for the other thrust configurations

and the horizontal tail effects can be found in References [16] ana [17].



CHAPTER VI
DISCUSSION OF EXPERIMENTAL RESULTS

The data presented in this report have been resolved into the
stability-axes system with the moment referencé cénter ét the quarter
chord of the mean aerodynamic chord. (See Fig. 5.) The thrust was the
resultant foree from the jets and is not reléted to & particular axis
system. Physical guantities are presented in the SI units aﬁd
parenthetically in the U.S. Customary Units.

The results of the wind~tunnel investigation are preSentéd in two
basic ways:' (1) in terms of conventional aerodynamic-cogfficiénts,énd
(2) in ﬁerms of force~thrust ratios. Fbrce-thrust‘faxiOSrsefve two
purposes.. The&.han be used to determine the load sharing between the
wing and the Jet, and they can represent data continuously from hover to
large forward speeds with reasonsbly sized numbers. Because-the
effective wvelocity ratio is the'barameter'used in describing the jet and
its effects, it was chosen instead of thrust coefficient for presentation
of results. The variation of the aerodynamic parameters with effective‘
velocity~rati& has been usedfin‘many experimental reports. For thesef.
reasons, the interference data aréfﬁieéented against effective veloeity

ratio. The results are presented as follows:

14
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Figures
Experimental results for the lift-jet
configuration . « « « « o o o 4 . 4 o .. s 6.=11

Experimental results for the front
vectored-thrust configuration . . + « . . » 12 = 17

Experimental results for the_rear'
vectored-thrust configuration . . . . . . . 18 = 23

Experimental results for the rear
vectored-thrust configuration )
With flapsl . L d L] L - . - ° ° L ] - L) £ d L) ® * zh .- 25

. Experimental results for the A
fuselage with the 1ift jet. . o « . « + . . 26 = 27

Experimental resuits for the
fuselage with the front :
Vectored—-thrust jets- ® & ¢ & © ®» ¥ © © & -6& 28 - 29

Comparison of experimental and
theoretical results of the
interference on the wing. « « « « .« « » « 30 = 33

In the transition-speed regime of VIOL aircraft, the location of the -
Jjet exhaust has a large effect on the pressures and, consequently, the
‘forces on tke aircraft. The three jet-exhaust locations used in this
investigation were the 1lift Jét,.frbnt vectored-thrust Jets, and rear
vectored-thrust jets. (See Fig. 2.) These locations show many_of'the

problems of VIOL aircraft.
Lift-Jet Configuration
The basic wing-body configuration was tested with the 1ift jJet.

The basic aerodynamic data are presented in Figure 6'with-the.power off

(CT = 0) and with the power on at three different Cp settings.
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As would be expected, increasing the thrust coeffidient increases the
1ift and the pitching-moment coefficients since the thrust vector is in
front of the model moment reference center. The observed“éhanges'iﬁ
pitehing moment are small and-do not present a trim'problem.
’Increasing’the thrust aléovdecreases the lift-curve slope. A small part -
of this change arises from a direct thrust effect. The component of

thrust in the lift direction is
CL(Thmst)‘= Cp sin (a0 + 55) (5)

and its derivative with respect to angle of attack is

dCL
(Thrust) _ c

I p cos (@ §,) (6)

Increasing the “thrust increases the pitching-moment slope. This is not
a direct thrust effect because the thrust acts over a. constant arm 2,

The pitching moment dﬁe to thrust is
=0 X :
c Cop = (n
c

vhich is independent of angle of attack.

The jet indﬁces a lucal downwash which ellows the wing to operate
at a higher geometric angle.of attack before stalling. This stell angle-
increases with decreasing effective velbcity ratio, This ig'morezreadily
apparent from the wing pressure data shown in Figure 7. The pressure

profile across the wing chord is'presented at four,spanuise<statiansw
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For clarity, only part of the angle-of-attack data is presented.

Without power at o° geometric angle of atbtack, the model sees a slightly
positive local angle of attack inboard which decreases outboard.

(See Fig;-T(a)-), This is indicated by the positivé pressure coefficients‘
on thévlower surface and negative pressure coefficients on the upper
surface of the leading edge of the symmetrical airfoil. This flow-
direction change is caused by the intérference of the fuselage. As
expected, the leading-edge negative pressures increase with angle of
attack. The loss of the large negative pressure pesk at l2°:angle of
attack indicates that the wing has stalled. .

With power on (Figs. T(b) and 7(9)),the pressure profiles are
change&’significantly. At 0° angle of attack, the pressures near the
leading edge on the loﬁer surface are less than on the upper surface.
This means that the wing is in a downwash field due to the jet. Note
that the effects are greatest at the smallest effehtive'velocity ratio
{largest thrust coefficient) and at the locations nearest the jet exit
{n = 0.25). The large negative pressure peak on the upper surface at
12° angle;of attack indicates-the wing has not yet_étalled vhich agrees
with thé results from force date in Figure 6. |

| The basic aerodynamic data from Figure 6 had very large 1ift
coefficients at low effective velocity ratios. At low velocity ratios,
the jet effects tend to dominate the aerodynmemic effects. This implies
that most of the lift comes frcm the jetb. »When this is the case, conven-
tionsl serodynamic coefficients can be mislesding. An alternative method

for presenting the data is a forece-thrust ratio which puts emphasis on
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the wing-jet 1ift sharing. The ratios are obtained by dividing the
conventional aerodynamic coefficients by the thrustrcceffiCient; These
force-thrust ratios have the added advantage that they.ére,defined.at.
hover or zero forward speed. ~The basic daxa,arefpresented in‘ierms 6f
force~thrust ratios through_ihe effective Velocity?rafio range iﬁ
Figure 8. The lift-thrust ratio is a type of "lift efficiency." For
example, a configuration with 90° Jets at zero 1ift coefficient and.
angle of attack should have the 1ift equal to the thrust; the lift-thrust
ratio should be 1.0. This would be true if there were no interference
effects. Note that the lift-jet configuration has a poor "lift
efficiency"” at o° angle of attack. The jet is lifting, but the wing.
and fuselage are pushing dowmn. At 10° angle 6£'attack, the wing and.
fuselage are liftiﬁg as- is indicated»from;thevlift-thrust.ratios‘greéter
than 1.0:

The pitching-moment thrust ratio indicates that the 1ift jet has. &
pitcheup problem which is similar to the results found in References [2] -
and [3]. As forward speed V, increases, thefnqseeup-pitching moment
inereases. This creates a trim problem,fof the pilot. |

Because the direct~thrust éffects can disguise>thé‘wing aerodyngmics;
these effects have been removed from the data. The resuylts are presented
in Figure 9. If there were no interference effects, the:thruStéiemoved,
power-on data. should collapse on top of'the,poﬁér-qff.daxa;jhoﬁéver, this
is-not‘gengrally the case. The‘most'striking~result is that all the.
thrust-removed 1lift coefficients are:less'thanithe.POWér‘°ff'lift

- coefficients. As the velocity ratio decreases, the difference between
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power off and power on-increasesw The thrust-removed lift-curve slopes
decrease with decreasing effective velocity ratio (increasing thrust:
coefficient). »The thrust-~removed pitching moments do not show the same
trend thatAthe 1ift coefficient showed. The difference bebween the power
off and pover on increases with decreasing veloeity ratio for wveloeity
ratios of 0.3 and 0.2; however, thé opposite is true for the‘effecﬁivg'
velocity of 0.1. |

The différences between the thrust-removed power-on data and the
power-off data are defined as the interference effects. These
interference effects arise from both the fuselage and the wing. The
interference effects are presented through the angle-of-attack range in
Pigure 10 and through the effecti&e‘?étocityiratio range in Figure 1l.

Because thé aerodynamic coefficients lose their significance -at low
speeds, the interference has‘been divided by,thrﬁst coefficient. The
1ift interference is detrimental at all angles of attack and effective
velocity ratios tested. The interference is strongly dependent on
effective velocity ratio and weaskly dependent on angle of attack. The
detrimental interference becomes larger as the velocity ;atio increases
(thrust coefficient decreases). As the velbcity ratio increases, the
Jet is turned downstream closer to the fuselage interfering with the

- flow there.

-

Front Vectbredsmhrust Configuration

‘The wing-body configuration was tested with the vectored~thrust

nacelles with the jet exits in the front position and the nozzles
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déflected 90°. The basic aerodypamic results are presented in.Figure 12.
The trends are very similar to those found witpfthé lift-jet configuration
but the effects are larger. Be;ause the exit areas are different for;the
lift-jet and veétored~thru$t‘configurations, care should be used whén.
comparing the different configurationsi.AAlthough the data were obtained
at the same velocity ratios, the thrnst qoefficients are~aifferent.

(See Fig. 4.) The lift and the‘pitchiﬁg moment for the front vectoréd.
thrust jets increase with decreasing velocity ratio. The stall angle
also increases with decreasing effective velocity ratio. In the linear
angle-of-attack range, the lift-curve slope decreasés, and the pitching-
momeént slopes increuase with increasing velocity ratio. -An expianation
for these results can be deduced from the'p:essure data.

The pressure data for the front vectored-thrust eonfiguration are
shown in Figure 13. The pressure distribution at n = 0.39 was intégrated
power off (Fié. 13{(a)) through the angle-of-attack range to obtain the
éection-lift coefficient. The samefprocedufe was followed for +the pover-
on data (Fig. 13(b)). Comparison of the section~-lift coefficients showed
the wing to be operating at a local angle ofvattack of about 1.5° less
then the geometric angle of attack. This downwash from the Jjet allows
the geometric angle of attack to be larger before stall with the power
on than the power off. A comparison of Figure 13(a) with 13(b) or 13(e)
shovs large effects of power. The most noticeable effect is the large
region of negative préssures on the lower,éurface which_areinot very
sensitive to changes in angle of ﬁttack. A@p@rently, the'large'velogity

at the exit tends to dominate the locel flow field near the exit
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regardless of the angle of attack. These induced pressures are caused
by the jet's exhaust entraining flow away from the wing.

The effect of effective velocity ratio on the force-thrust ratios
for the front vectored-thrust jets is shown in Figure 1h. A&t hover,
therevis s 1ift loss from the entrainmént of flow into the jet. The
basic data show trends different from the lift jet. At low effective
velocity ratios for both 0° and 10° angle of attack, the lift efficiency
C,/Cp is less than 1.0. This effect is attributed to the jets drewing
flow from the wing's lower surface. At the higher velocity ratios, the
aerodynamic effects increase and the lift efficiéncy is greﬁter than 1.0.
The effects on therpitching moment are similar to those of the 1lift jet.
There is the same pitch-up problem with increasing forward speed.

The thrust-removed data are preseﬁted in Figure 15. The most
striking result is the large negative lift coefficients at an effective
velocity fatio of 0.1. Most of the negative 1ift is produced by the
large regién-of.negﬁtive pressure coefficients on the lower'surﬁace of
" the wing near the jet. There is & large difference (about 0.3 or 0.4)
between the aerodynanmic pitchiné-mqments power on’and pover off. This
large difference was not present for the lift-jet configuration vwhere
the largest difference was about 0.l1.

The,interference effects are presented through an angle-of-attack
range in Figure’iﬁ and through an effective velocity ratioc range in
Figure 17. At small effective velocify ratios, the tiends sre the same
as those found for the lift-jet configuration. The induced effects are

not strongly dependent of angle of attack in the linear renge. At higher
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velocity ratios, the 1lift interference. is beneficial for the fromt

vectored-thrust jets.

Rear Vectored~-Thrust Configuration

The wing-body was tested with the vectored-thrust nacelles in the
resr position with the nozzles deflected 90°. The basic results,
presented in Figure 18, afe similar to those from the front vectored-
thrust configuration; however, there were two différences. At a given
veloeity ratio»(thrust,coefficient), the ;ift coefficients are greater
and the pitching moments had large negative values. The negative
pitching moments are»qaused by the large distance between the thrust
line and the moment reference center. The increase in 1ift can be
explained using the pressure data.

The'pressqre datg are presented in_Figure 19. The major difference
between the‘front.location (Figs. 13(b) or 13(c)) and the rear location
(Figs.»l9(b) or 19(c)) is the reduction of the region of negative
pressures nesr the Jjet. rhis reduced download allowed the 1ift
to increase.

The fbrée-thrust data are presented in Figure 20; The 1lift
efficiency shows 2 small 1ift loss at small velocity-ratiosAax 0° angle
of attack. At a given rgtio, the ?ffieiency is grester then it was for
) the front'vectored—thrust Jets. Theylarge,wnose-dbﬂn“pitching mbment ‘
poses & severe trim problem. If~this,configuration could be trimmed, it
would still have & pitch-up problem because C_/Cyp increases with
effegtive velocity faxib. This pitch up is smaller than the pitch up for

the front vectored-thrust jets.
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The thrust-removed data afexpresentgd in Figure 21. The power-on,
thrust-removed 1ift is greater than the power-off lift at velocity ratios
of 0.2 and 0.3. This in sharp contrast to the results from the front
vectored-thrust configuration (see Fig. 15). The asrodynamic pitching
moments are greater power on than power off, and the difference increases
with dacreaéing effective velocity ratio.

The interferenée data for the rear vectoréd-tprust jets are
presented in Figﬁre 22 for an angle-of-attack range and ir Figure 23 for
an effective velocity ratio rﬁnge. The vectoredpthrustfjeté'do cause &
detrimental 1ift interference at very low effecti#eAvelocity ratios, but
the magnitude is much smaller than for the front vectored-thrust jets.

At velocity ratios of 0.2 and above, the interference is heneficial.
Shifting the vectored-thrust jet exits rearvard significantly affected
the interference., This beneficial interference could be caused by &
supercirculation or jet-flap effect by the jet at the trailing edge. As
was previously mentioned, this benefit comes with a severe pemalty - the
_large nose~down pitching moment from the jet's thrusﬁ. One method of
~solving éhe problem would be to comhine:the favorable rear vectored-
thrust Jet,éonfiguraﬁion with the lift-jet-configuration. .Thisvwould be

similar to the lift-plus-lift-cruise concept mentioned previously.

Rear Vectored-Thrust Configuration with Flaps

A rather simple method to increase the lift is to sdd flaps to
the wing. The basic aerodynamic characteristics of the rear vectored-

thrust configuration with flaps deflected is presented in Figure 2k,



2k

As expected, installing the flaps increased the 1ift and made the
‘piiching'mnment more negative. Although the changes in 1ift and pitching
noment are small compared to the totaliialues, they are nonetheless =
important. The increase in iift_due to flap deflection does not carry
this severe pitching-moment pena;ty that theiréar'vectomedithrust Jet
héd. This can be more easily seen By examining ﬁhe iniefference d;tav
which are presented in Figure 25. Adding the flaps brought.ahout a small
beneficial change in the interference for the rear.vectored—thrust
cbnfiguration. For the rear jéts, thé-jetiexhaustventrains flow over

the flap which delays separation. Without this eﬁtrained flow, the free-
stream flow would sepafate from the upper surface, and the lift would be

less than it would be without separation.

Interference on the Fuselage

The fuselage without the wings was tested with the 1ift jet and
with the front vectored-thrust jets. By testing the fusélagEnalone,aﬁd
with'ﬁhé vectored-thrust jets, the aerodynemics and the interferénce of
each component can be calculated. To simplify comparisons,‘the wing
area was used to obtain lift and pitching-moment coeffiéients. The
basic data of the fuselage with the lift jet are presented in Figure 26.
" at o° angle of attack, the lift and pitching moment were 0 with power off.
This is to be expected for the nearly symmetrical fuselage. The 1ift
coefficientfand‘piﬁching—moment'coeffiéient'incregse withlangleaof attack
with the power off. With power-on, the 1ift level increases relative to

pover off; however, the lift decreases with angle of attack for V, < 0.3.
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BecauSé the model moment reference center is behind the jet, @he
pitehing moment increaseé with thrust.

The jet~induced interference on the fuselage through an effective
velocity ratio range is preseﬁted in Figure 27, There is a detrimental
lift interference which increases with increasing effective.vélocity
ratio. This is expected:because of the separated'flow region_behind thé
Jjet and the‘proximity of the jet's path to the fuselage.

The basic data for the fuselage with the front vectored-thrust
nacelles are presented in Figure 28.. The trends are similar to those
obtained fbr the 1ift jet except the effecis are iarger becausé of the
different exit areas and thrust coefficients. Without power, the 1ift
and pitching moment increase with angle of attack. The nacelles are
producing Lift aheadﬁof the moment reference center. The interference
on the fuselage with the front vectored-thrust Jets is presented in
Figure 29. The interference in lift decreases slightly and then
increases with increésing velocity ratio. There is a relatively small
‘difference for 0° and 10° angle of attack in the 1lift interferemce. The.
interference in pitching moment increases with increassing effective

velocity ratio.

Camparison of Theory and Experiment

The Jet flowaleld program and the llfting-surface program
(Wooler's methnd) predict the interference effects ‘on the wing alcne.
The wind-tunnel model that was used in this investigation could not be

tested with the wing alone. The results presented in Figures 11, 17, 23,
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and 25 are for the wing-body configuration. An examination of t#e high= -
pressure air system needed for the jét makes it extremely difficult to
build a model for obtaining wing-alone data. The'theoreﬁical data from
Wédier‘s method are for the wing‘glone and should not be compared
directly with the wing-body data.. Since there are no theoretical methods
to evaluate the interference on a wing-body configuration, the experi-
mental- data must be manipulated to obtain wing-alone data. It is assumed
that the total inferferenca can be divided up into. a wing part, a
fuselage part, and a mutual wing-body interference part.v,ﬂhe‘fuselage
part vas’measured_experiientally and was p:esented.in Figuies 27 and 29.
Theimu£ual'interférence betveén the wing and the fuselage was calculated
to be about 6 percent using the methods described in Reference lS .

If this mutual interference is neglected, the intérference'on the wing
can be obtained by subtracting the fuse;age {and nacelles when installed)

data from the fuselage wing data as showm in the following sketch:

Wing bedy
VACL Wing alone
Cp Body alone¢
~
e

Interference effects on the wing. - The experimental:aﬁd-theoretical

interference effects induced by the 1ift jet on the wing alone are
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presented in Figure 30. The experimental results show 2 detrimenﬁal»lift
interference which worsens-with increasing effective velécity ratio.

The interference in'pitéhing mogent is very small. The theoretical
‘results are in reasonable agreement with the experimental results in
bqthvthe magnitude and the trends. The theoretical‘interfergnce in
pitdhing mpment at 0° angle of attack was sO close to O - that it did not
show up on the scales used. A possible'explanationvis that the lift;jet
wake affected the fuselage but not the wing. The éotential~flow model
appears to be representative for this case.

The interference effects induced -on the wing by the front
.veqtored-fhrust Jjets are presented-in Figure 31. The experimental
results show a lift loss at small effective velocity ratios which
becomes a lift augmentation as the effegtive velocity ratio increases.
The theoretical results show the correct trends althongh:thek
magnitudes differ.

The fuselage alone was not tested with thg rear vectored-thrust jets\
because thé region of the fuselage affected by the jet in the front or
the rear position was relatively small compared to the total length of
the fuselage. The interference in lift'should not drastiéally change
with a small change in Jet location. Thereforg, to obtain the gnter-
ference effects on the wing ffum the rear vectored-thrust jets, the
_interference da$a_qﬁ the fuselage alone for the front vectored~thrust
jets was subtracted from the interference dala for the wing body with the
reay vectored-thrust jets. These results are presented in Figure 32.

The experimental 1ift interference is beneficial thrcugh'most of the °°



28

effective velocity ratio range. The theoretical results show the correct
trends for 1lift but not for the pitching«moment. A §ossiblé'rea30nvfcr
the difference in pitching moment is the use of data’for~the}front
vectored-thrust jets with the fuselage alone to obtain the wing-alone
data for the rear vectoréd—thruSt‘jeté."The'surface-area.primarily
affected by'the Jét interference waévabout the séme;for the front and

the rear vectore@-thrust jets. The location of this surface aren is
different. Therefore, the interference in lift is similar fcf the two .
Jet locations, but the interference in pitchiﬁg mdﬁent.is.not similar

because of the difference in location.

Interférence effects on the wing with flaps. - The interference
effects on the wing with flaps are presented in Figure 33. The
‘experimental interference in 1lift is beneficial through the angle~of=
attack range. .The theoretical results were obtainéd from the lifting~
surface program which was modified to handle the partial-span flaps.
AThe»thecreticél liff.interferenge shows the right trends, but the
_magnitude differs. The pitching-moment interference does not show the

" correct trends for the same reasons previously discussed;*



CHAPTER VII
" CONCLUSIONS

The results from this investigation shov some basic characteristics
of the jet and its interference. The Jet effects are strongest at the
lovest effective velocity ratios (highest thrust coefficien‘{;s) and at the
locaticn nea:est the jet. The Jet-induced effects are strox}:gly dependent
on effective velocity ratio a.ndlweakly dependent on angle of attack. For
the lift jet, the lift interference was detrimental:én both|the wing and
the fuselsge. For the vectored-thrust configurations, the j.:.ft inter-
ference was detrimental at low effective velocily ratios and beneficial
at high veffective velocity ratios. The interference on thetréar
vectored—thrus{ configurations was more i:eneficia-l {or less) detrimental)
.than the front vectored-thrust configuration. This came at|the expense
of a severe nose-down pitching moment. The flaps provided #.n increase
in 1ift with an increase in beneficial 1lift interference a.n@. without any
severe penalty in pi‘bching moment .

The é.ssumption of neglecting mutual wing-body fuselage|interference
appéa.’rs to have been warranted. The theorestical results geherally
prediét the correct trends and the— levels are the right order of
megnitude. However, in view of the canparisens"betwea ‘the| theory and
experimental data taken in the present investigation, the Weoler method

is only & fi.rét step in developing a complete prediction m#hOdé

29
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The deficiencies in the method are believed. to be’iﬁ the jet flow-field
program and not in the lifting-surface program. The deficiencies are
related to how well the four characterispics of the jet are modeled.’
The method does not account for the separated regiop-behind the jet.
It does account for the blockage and entrainment with the empirical
constants in the entrainment equations. The-method might be improved

by better modeling of these nonpotential flow effects.



APPENDIX
DERIVATIONS OF THE JET FLOW-FIELD AND LIFTING-SURFACE THEORIES

Jet Flow-Field Theory

The'develo_pment of the jet flow-field theory uses three basic equ'a.tions,.
of motion. Théy are the continuity equation, momentum equation, and
N;e#rton',s law. To simplify the computations, the jet density is assumed to
be equal to the free-stream density. - The following. sketch describes the

symbols used in the derivation:

\ |

The continuity equation for a differential length of the jet is
EPE 0NN )
ds Yy '3 _

.where E is the entraimment of flow per unit length of the jet.
The momentum equation for a differential length of the jet in the-

direction tangent to the jet mey be written

31
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EV, sing =p é%i(Aj,ij) (22)

The sum of the forces perpendicular to the jet should equal the product

of the mass of the jet a.nd"its acceléra;ion towards the c‘enter oi}' g circle, '.
The two forées perpendicular to the jet arise from the cha._nge in velocity
from the viscoﬁs entrainment and the force on the ,je_t boundary from the
free stream. HNewton's law may be written

AV 2 (3a)

EV_ cose + Fp = p el

where R 1s jet curvature. The body force on the boundary can be

represented by the two-dimensional drag coefficient of an ellipse

FB = Cd:f%vp (’V-m cosa)z;_d, (ka)

An expression for the entraimment was developed from dimensi’onal'
consid.érations. The entrainment'_y 'pér unit length of the jet was assumed
to huve the following form

| , p,Ez,(V;j-V°° sing) €

1+ E3, "',3 cos8 (54)
J

The first term accounts for the flow ;-Fhi‘Ch is momg perpendimilar to:

the je‘c and the second term accounts for flow pa.ré.llel 40 the‘ Jet.
Experimental observations have showm that a cireular jet ﬁevelopsr

into a kidney shape and maintains a 'geoxxz'efrically similar shape as it

moves -dams.'treani. Because it would be difficult to t:eat & kidney shape
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exactly, the shape was simplified into an ellipse. Therefore, the jet
is treated in two regions: & developing region in which the Jjet deforms
from a circle to a 4:1 ellipse and a developed region with a 4:1 ellipse.

vjo.;g_

v, 4o

into the free stream. The ratio of the depth to the width of the jet

The developing region extends until the jet has penetrated 0.3

decreases linearly from 1 at the exit to 0.25 at the end of the
developing region. From geometry, the circumference and the area of the

ellipse can be expressed in terms of the ellipse's magor axis. In the

. . . Z Vi
developing region where T < 0.3 v
Q o
5/2\/"& \.\“12 172
1T+471 - PECIA D i
e g Vo/\'3 )
= dn (64)
L 2
. 2 \
AL =Mty 3 z\a.:?... | (1a)
th 7(@\50
Ys
and in the developed region where é?-> 0.3 grfl
o) 0
C=2.24d (8a)
_ . d2

Using these basic eguations, the equations for the jet's size,
position, and speed may be obtained. Starting with the momentum equation

(see eg. (24)) and by expanding the derivative
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EV, sme =p A, VJ ds (\! )+ ,) ds (A, Vj). (mA}

and then by dividing through by, ij
E-Vf-'lsine= A-‘-‘-—(V’)+ —‘-L(A V.) {114)
Vs PR & MV TP Es VY Ty LA,

The second term on the right-hand side of equation (11A) is identical to

the right-hand side of equation (1A). Substituting and collecting terms

v ‘
® P « B : .
Replacing f,: by oad -LLL and solving for the derivatives
’d
\' sing - 1
%—f (V .’) = . (13a)
J 0 AJ. cosé

Substituting for the entrainment

r (Y
‘ ! o E2<\1 Y sine)c» + sing~1}
d ‘ J
V.} ={pE; V_ dcosg+ : — ,
'&'i( 3') , ! 1+ E, Voo cosé p A, cos® (1ha)
J v}- . 3
1B

Starting with the continuity equation (see eg. (1A)) and by -

expanding the deriva-.t:".ves;-and replacing % by cpse' -&éz-
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E = P cOS8 -[Aj Bgi (VJ..) + \Ij agi' (AJ)] (154)

and solving for the derivative

A;
d py-—LE __J4d
dz (AJ') TP \IJ €0s@ \!J. dz (vj) ' (164)

Substituting for the entruinmeont

| p E, V-V, singjC As :
%E(AJ) =ip Ey V, dcose + 2( - V. ) P v:cosei"Vj?"c?z" (VJ') |

]+E3V" COSB
]

(174)

Starting with Newton's lav (sce eq. (3A)), the radius of curvature

may be expressed in terms of its

.
irs

t and second derivative
{ 21 3/2
dx ‘
_ .{‘ t\dz ] |
QE& (184)
c!z2

Bubstituting tor the entraimment and the body force

,“
t

dzx

1 ;2—2-2 3/2
. {d ]’
[‘*(a%) ,

: A ) 2
Eo (Vi~V_sinelClV cose € 1—v2cos ed
Elvwd_cosei-z(‘? d ) i A

Y ) , 2
1+E, v—f-cos@ Ay VT A Y |
J {104)
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The problem reduces to solving three differential equations (eqs. (1ka),
(174), and (19A)) for the jet's dbwnstreamvpositioﬁ, veloeity, and
diameter in terms of its penetration. However, theAentrainment paremeters
(El"Ez’ and E3) and the gross—flow~diag coefficieptwarg'Still unknown.
The values for the entrainment parameters were chosen for:gﬁod correlation
of experimente. data. The drag coefficient bf'an ellipse wés obtained .

from Reference [19].

11,66,
Cd-‘s{ Z* D *'] (202)

where D 3is the retio of the ellipse major axis to minor axis.

The three difrerential eauations (egs. (1kA), (l?A); énd'(lgﬁ)) were
numericai;yAintegratod usine the Runge-RKutta method. Once the Jet path
was known, the.jut was replaced by a doublet distfibutiénﬂto represent
the blockage and.a sink distributlen to>representvthe'entrainment as

shown in the following cketch

Sink ;distri bution Doublet di’str“i‘bution
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The sink strength per unit distance is the entrainment divided by

the jet diameter
m= -E ds )
ood ‘ {214)

The velocity pciential Tor a sink dy long is

¢ = —z0=dy (228)
The veloeiity compoacnts lnduced by the sink at a peint p (xp ,.'yp‘., zp)v '
are
- 3. m dy (xx)
s X gy [(z—z;'))z + (x-xp)z + (yp-;-y)i-]m (23)
[
-2 | m dy (yty) -
«s 4 ((z-zp)z + (x-»xp)z *+ .(yp-hY) ZJ /2 )
) B m dy '(’z-»zp)'
dWs 9z am [ (Z-Zp)z + (X-'Xp}? + (yp "',Y) 2]37'2 (258)

Integrating the induced velocity across the length of the yet yields

X = X

L . P -

m , ;yp, ; % TeT7E "
W oez)t (xxg) {:( “7)" + ()" + (1p2) ]‘75

Ug

(264)
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(27A)

77|

[(Z-ZP)Z i (x"‘p)z.* (yp +-g-)]

The strength of the doublet distribution is obtained from the complex

(28A)'

velocity potential for the two-dimensional flow past an ellipse

Y_ cose (a+b) b (29A)

-]

Nl-—-'

‘The velocity putential of a doublet is-

¢ = _.Z_uz% (304)
4nr :

The components of velocity induced "oy-l» the doublet are -

b= 20 ‘GEAU
L
4 (g4l

sabanioos.

2)5/2 (314)
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"-s*"’g = —=b0kl 52 -
n ,41?(&2*’”24_;2) . (324)

Wy =% 2y 1 3
R ek i |

These components can be resolved into the X, Y, and Z axis system

Ug = uy sing + w; cose (344)
Yd = — Y (354)
Wy = u; cos® - w, sind (364)

The induced velocity cormenents from the sinks and the doublets are
surmed at each-control puint and nondimensionalized by the free-stresam

velovity.

Lifting-Surface Theory

The lifting-surface theory which is discussed in Reference 7 is

based on a kernel function procedure. The basic equation is

L’.(i@ll- %® [nﬂ /Zf'g“ Pr(gsn) K[x,.v,ﬁ.n]di dn

vﬂ]ﬁpvz_
=1 & ¢ (374)

This equation related the downwash w on the wing to a pressure loading

Pg- The kernel function K is a weighting function which gives the



ko

dovmwash (X,y) due to a unit load at (£,n). A finite series was used to

represent the pressure funection

M
Pplesn) = 212 m Z Z ap ™ 2(0)
n=0 m=1 (384)
wvhere p ~ 2{m - 1)
2,(6) - cos % for n=0 (394)
%,(8) = Zg" sin (n8) for n> ‘(EOA)
E= &y - -—— cos8 - (h1A)

O_
The kernel funttion was simplified to steady flew

X
K=T14+- . - (422)

yl < x-O2 + 8 2 s? (y-n)?

Substituting equations (384) and (42a) into equation (37A)

N-1 ; p‘}.‘ - 2 {r
wix.y) Z } S -dnf 2 (8)
m= n—--? o "

Xa
Y =0 (y-n)zf

(43a)

, sing 4o

(4ha)
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Equation (4bA) was integrated using Gauss' method of mumerical

integration. The integration yielded an equation of the form

N-1
wix,y) . ' |
R I H G
or in matrix form
[wl=[D][A]l (L6a)

The matrix equation is solved for the coefficients of the pressure
matrix. The coefficients are used in equation (38A) to obtain the
pressure loading which is integrated to yield the forces and moments

on the wing.



Ly

Equation (hhA) was integrated using Gauss' method of numerical

integration. The integration yielded an equation of the form

o N=-1 M-
wix,y) o Y Y &
Hlxay) ; ; oy o (hs5n)
or in matrix form
[wl=[D][A] (46A)

The matrix equation is solved for the coefficients of the pressure
matrix. The coefiicients are used in equation (38A) to obtain the
pressure loading which is integrated to yield the forces and moments

on the wing.
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[4]

[5]
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TABLE

Load Range and Accuracy of the Balance

Balance component

Normalifofcé

Axial force

Pitching momen?

Rolling meoment
" Yawing momeﬁt.

Side force

890 nt (200 1bf)
33894 nt cm (3000 in 1bf)
11298 nt em (1000 in 1bf)

22596 nt em (2000 in 1bf)

133k nt (300 1bf) -

| 169.5 nt cm (15.0 in 1bf)

11.1 nt (2.5 1bf)

4. h nt (1.0 1bf)

56.5 nt cm (5.0 in 1bf)
113.0 nt cm (10.0 in 1bf),

6.7 nt (1.5 lbf)

k5
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Figure 4 - Variation of thrust coefficient with effective velocity ratic
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Figure 18 - Basic aerodynamic charadleristics of the rear vectored thrust configuration,
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Figure 24 - Basle aerodynamic Chagiactérigti(;s of the rear vectored thrust: configuration wi fiaps.
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